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a b s t r a c t
The effect of temperature on the short-range order (SRO) structures, deformation
mechanisms and failure modes of metallic glasses (MGs) is of fundamental importance for
their practical applications. However, due to lack of direct structural information at the
atomistic level from experiments and the absence of previous molecular dynamics (MD)
simulations to reproduce experimental observations over awide range of temperature, this
issue has not been well understood. Here, by carefully constructing the atomistic models
of Cu64Zr36 and Fe80W20 MGs, we are able to reproduce the major deformation modes
observed experimentally, i.e. single shear banding (SB) at low temperatures, multiple
shear-bandings at intermediate temperatures and homogeneous plastic flow at elevated
temperatures. By examining the evolution of SRO, we find that the different failure
modes exhibit distinctively different full-icosahedron (FI) evolution pathways at different
temperatures. Specifically, at low temperatures, the FI concentration first deceases to
a minimum, then recovers slightly, and finally comes to a plateau; at intermediate
temperatures, it first decreases and then reaches a plateau;while at elevated temperatures,
it decreases simply monotonically. These different pathways arise from the dynamic
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competition between the destruction and recovering of FI clusters. We further show that
the local softening caused by the destructions of FI clusters is crucial for the formation
of localized shear planes and further shear bands. Since our simulations exhibit the same
trend for both MG systems, it is expected that these findings may be generic for a wide
range of MGs.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
With increasing demands to develop advanced struc-
tural materials which are stiffer and tougher so as to
be used under extreme conditions (e.g. high temperature
and/or high applied stress), metallic glasses (MGs), which
combine the metallic bonding and amorphous atomic
structure, are at the cutting edge of materials research for
such endeavours [1,2]. Here, ‘‘amorphous’’ refers to lack
of long-range order (translational symmetry) in material
structures, whereas short-to-medium-range order (on the
length scale of a few to tens of atoms) still exists [3,4].
Due to the absence of long-range order, conventional struc-
tural defects, such as dislocations, are absent in metal-
lic glasses. Consequently, there is no dislocation-mediated
slip inMGs, and hence, compared to their crystalline coun-
terparts, MGs offer several superior mechanical proper-
ties, such as high yield strength (close to the theoretical
limit), high elastic limit and high hardness [1,2,5,6]. How-
ever, MGs are in disrepute for their highly localized plastic
deformation at low temperatures via shear banding. As a
result, MGs often exhibit nearly zero ductility and catas-
trophic failure [1]. So far, extensive research has been per-
formed to understand their deformation mechanisms and
failure modes under a variety of environmental conditions
(see the review paper [5] and references therein), aiming
to enhance their ductility and suppress their catastrophic
failure.
It is well-known that temperature is an important en-
vironmental parameter that is able to significantly affect
the deformation mechanism and failure mode of MGs [6].
Experimental studies revealed that the deformationmech-
anisms of MGs vary greatly with temperature [6–9]. At
low temperatures (typically, well below 0.6Tg , where Tg
denotes the glass transition temperature), MGs are in the
‘‘brittle’’ regime [6,9,10]. In this regime, failure is catas-
trophic through single shear band (SB) formation along
the principal shear direction of the samples [11]. At in-
termediate temperatures, MGs initially exhibit a certain
inhomogeneous plastic deformation characterized by the
appearance of multiple shear bands, followed by a dom-
inant single shear banding failure [8]. In contrast, at ele-
vated temperatures (typically, greater than 0.6Tg ), metal-
lic glasses undergo a homogeneous deformation [6,7,9].
Such a temperature-dependent mechanical behaviour is
not only scientifically fascinating but also technologi-
cally important. For example, it allows hot-forming oper-
ation at high temperature and achieving of high strength
and hardness after cooling/annealing. In fact, it recently
found applications in the development of micro- andnano-electromechanical systems (MEMS/NEMS) [12–14].
To expedite the applications of MGs, it is crucial to gain a
solid understanding of their temperature-dependent me-
chanical behaviour. Moreover, from the scientific point of
view, since MGs have relatively simple atomic structures
compared to other types of glasses, such as polymeric and
ceramic ones [15,16], they also offer an opportunity to
understand the fundamental behaviour of non-crystalline
solids [17,18].
For crystalline materials, owing to their periodic lattice
structures andwell-defined structural defects, their plastic
deformation mechanisms are well established. In contrast,
even modern advanced microstructural characterization
techniques cannot readily evaluate short- and medium-
range orders in amorphous MGs [4]. In this regard, molec-
ular dynamics (MD) simulations provide a powerful tool
to analyse the 3-dimensional atomistic structure of MGs,
and reveal the correlations between their mechanical be-
haviour and structural features, which otherwise are not
readily achievable experimentally. Indeed, MD simula-
tions have been extensively employed to study the me-
chanical behaviour, such as shear banding, viscosity and
crack initiation/propagation in a variety of MG systems
(like monolithic MGs and nanoglasses) [19–26]. For exam-
ple, MD simulations were used to study the steady-state
flow of a MG sample under pure shear stress condition,
and it was revealed that there is a scaling relation be-
tween stress and temperature [27]. In addition, MD sim-
ulations were performed to study the effect of configu-
rational potential energy and temperature on the elastic
properties of CuZr glass [28]. The calculated temperature-
dependence of Young’s modulus of a Cu64Zr36 MG sample
using MD simulations showed a good agreement with ex-
perimental measurements [29]. Besides, MD simulations
were used to study the homogeneous deformation of MG
samples at elevated temperatures and found that the pro-
nounced tensile ductility is due to the creation of high
content of free volume in the atomic structure, which
leads to the decrease in viscosity [29,30]. It should be
noted that, however, these simulations were performed
either in a narrow temperature range or at a tempera-
ture which is well below room temperature. It is worth
noting that the concept of localization of plastic defor-
mation in metallic glasses and its transition to a global
(homogeneous) plastic deformation is a ubiquitous phe-
nomenon in MGs. This transition has been studied ex-
perimentally or by simulations for a variety of param-
eters such as strain rate [31,32], cooling rate [32–36],
sample size and/or geometrical constrains [34], chemical
composition [37], etc. However, to our knowledge, there is
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produce the various deformation mechanisms and failure
modes observed experimentally in a broad range of tem-
perature. By examining the methodologies of previous MD
simulations, we found that in order to capture the tem-
perature effect in a wide range of temperature, several pa-
rameters must be carefully taken into account in the sim-
ulations setup, such as appropriate glass preparation (e.g.
not using too fast quench rate), large enough sample, and
proper boundary conditions.
In the present study, we employ large-scale MD
simulations with carefully constructed simulation models
to explore the mechanical behaviour of two typical binary
metallic glasses, Cu64Zr36 and Fe80W20, under uniaxial
tension at a wide range of temperature. We aim to:
1- perform MD simulations to reproduce the various
deformation mechanisms and failure modes observed
experimentally at a broad range of temperature;
2- correlate different deformationmechanisms and failure
modes at different temperatures to the atomistic
structural evolution of MGs.
In principle, the collective structure of the entireMGwould
be responsible for its macroscopic mechanical behaviour.
Hence, medium range order (MRO), i.e. the structural
features beyond the nearest neighbour shell of atoms, may
also have an important role in mechanical response of
the glass. While in the literature, there are a variety of
definitions for MRO in MGs (e.g., connectivity schemes
of SRO clusters [16], Bergman superclusters [38], fractal-
like structures [39], etc.), our focus in the current work
is on the SRO structures. As widely accepted in the
literature [3,16,40], the SRO in MGs can be characterized
by the Voronoi tessellation method [41,42]. From this
perspective, naturally a next stage for the progression of
this study would be examining the effect of temperature
on the structural organizations beyond SRO and its
correlations with mechanical response.
2. Methods and model
Our molecular dynamics (MD) simulations were per-
formed using Large-Scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) [43], which is a well-known
and widely accepted open source software package. The
many-body interatomic interactions in our simulations
were calculated using the embedded atom model (EAM)
potentials for both Cu–Zr [44] and Fe–W [45] metallic sys-
tem. Cu64Zr36 MG has a simple atomic structure. In addi-
tion, a well-established empirical EAM potential is avail-
able for this MG. As a result, this MG is one of the most
well-studied prototypical MGs employed to gain insights
into their structural andmechanical properties.We choose
this MG since a rich database obtained from previous stud-
ies allows us to make comparison. To examine the gener-
ality of the temperature-induced transitions in deforma-
tion modes observed in Cu64Zr36 MG, we have also chosen
another binary MG, Fe80W20, which also has a relatively
simple atomic structure, but a much higher glass tran-
sition temperature and higher mechanical strength, andFig. 1. Geometry of the MG sample used in the uniaxial tensile test
simulations. The dimensions of the sample were 40 nm, 5 nm and 120 nm
in x, y and z directions, respectively. PBCs were applied in y and z
directions. A uniaxial tensile strain was applied in z direction.
available EAM potential for MD simulations. To carefully
construct the atomistic models of Cu64Zr36 and Fe80W20
MG samples, we followed the ‘‘melting and quenching’’
technique using a representative cubic sample containing
about 10,000 atoms. Periodic boundary conditions (PBCs)
were applied along all the three directions.We startedwith
the solid solutions of the desired alloy compositions in
which the solute atoms were randomly substituted in the
solvent lattice. In the case of Cu64Zr36 (Fe80W20) the solid
solution was melted at 2300 K (3500 K) and the melt was
equilibrated for 2 ns. Then, the liquid alloy was quenched
to 50 K with the cooling rate of 10 K/ns, which was slower
than that used in all previous MD simulations. The simu-
lation time step during our melting-and-quenching proce-
dure was 0.002 ps and the isothermal–isobaric (NPT) en-
semblewas used to keep the pressure of the systemat zero.
The glass transition temperature, Tg , of the MGs is deter-
mined by analysing the evolution of average potential en-
ergy per atom as a function of temperature during the sim-
ulated quenching process of their liquids [46,47]. The sam-
ples for the uniaxial tensile test were then constructed by
replicating the representative MG cube. The geometry of
the tensile sample is shown in Fig. 1 which is a rectangu-
lar slab with the dimensions of 40 × 5 × 120 nm in the
x, y and z directions, respectively. PBCs were applied along
the z direction (the loading direction) and the y direction,
while the sample had free surfaces in the x-direction, i.e.
along its thickness. Applying PBCs along z and y axes re-
sembles the bulk material in these directions. Besides, the
selected width of 40 nm along x direction (free surface)
218 M. Jafary-Zadeh et al. / Extreme Mechanics Letters 9 (2016) 215–225Fig. 2. (a) Engineering stress–strain curves for the Cu64Zr36 MG at different temperatures. Snapshots showing different deformation mechanisms of the
Cu64Zr36 MG at these temperatures: (b) failure through a single shear banding at 50 K (0.06Tg ), (c) failure through initially multiple shear bandings and
subsequent dominant shear banding at 300 K (0.38Tg ), (d) largely homogeneous plastic deformation at 480 K (0.6Tg ), and (e) homogeneous plastic
deformation at 600 K (0.77Tg ). The colour bar denotes the atomic shear strain. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)is large enough to avoid undesirable size-induced transi-
tion in deformation mode from shear banding to necking,
which typically occurs in MD simulations by reducing the
width to the range from 7.5 nm to 20 nm, depending on
the sample preparation [48,49]. Before loading, the sample
was equilibrated at desired test temperature. During load-
ing, the temperature was kept constant and a zero stress
condition was maintained along the y direction to mimic
the uniaxial stress state. The loadingwas applied by rescal-
ing the simulation box in the z direction with the strain
rate of 107 s−1. The Verlet algorithm [50] was used to inte-
grate the equations of motion and the Nose–Hoover ther-
mostat/barostat [51] were used to control the temperature
and pressure of the system. The time step during the load-
ing process was 0.001 ps. The engineering stress was cal-
culated from the normal component (along the z direction)
of the atomic stress tensor based on the Virial stress the-
orem [52,53]. The atomic von Mises strain was adopted
as a measure of local (atomistic) deformation in the sam-
ple [54]. To analyse the evolution of SRO in the MG sam-
ple during deformation, we used our in-house code which
was developed based on the Voro++ package [55]. To gen-
erate the atomistic visualization, we employed the OVITO
open source package [56]. We emphasize that a combina-
tion of the large-scale sample sizes, the slow quenching
rate and the slow strain rate is crucial to reproduce the fail-
ure modes observed experimentally at low, intermediate
and high temperatures as shown below.
3. Results and discussion
The engineering stress–strain curves and deformation
behaviour of the Cu64Zr36 glass at different temperatures
are presented in Fig. 2. The temperatures used to performthe uniaxial tensile tests on the Cu64Zr36 MG sample
are 50 K (0.06Tg ), 300 K (0.38Tg), 480 K (0.6Tg) and
600 K (0.77Tg), where the glass transition temperature
(Tg) of this glass sample obtained fromourMD simulations
is about 780 K. From Fig. 2(a), it can be seen that at
the low temperature of 50 K (0.06Tg), the stress level
drops abruptly after the stress peak, i.e. the ultimate
tensile strength (UTS), which is characteristic of the brittle
failure of MGs as a result of the severely localized plastic
deformation [11]. By increasing the temperature to 300 K
(0.38Tg), the sharp falling of the stress becomes relatively
smoother, and the material strength decreases. With
further increasing the temperature to 480 K (0.6Tg) and
600 K (0.77Tg), the deformation behaviour clearly alters
towards an increasinglymore ductile behaviour. To further
probe this transition, we study the atomic von Mises
shear strain, εvM , with respect to the load-free samples
at temperatures of 50 K (0.06Tg), 300 K (0.38Tg), 480 K
(0.6Tg), and 600 K (0.77Tg) as shown in Fig. 2(b), (c), (d),
(e), respectively. The snapshots in each panel present the
status of the sample at different stages of applied tensile
strain, ε.
Fig. 2(b) shows that the failure mechanism at the cryo-
genic temperature of 50 K is through the formation and
propagation of a single shear band (SB) along the prin-
cipal shear direction of the sample (∼45° with respect
to the loading direction). This clearly illustrates a brit-
tle failure mode, which is in agreement with the ex-
perimental observation of single shear banding and brit-
tle behaviour of MGs at cryogenic temperatures [57,58].
According to Fig. 2(c), at 300 K (0.38Tg), the failure of the
sample is still in a brittle mode through the formation
of a dominant SB along the whole sample width. How-
ever, before the formation of the dominant SB, there is
M. Jafary-Zadeh et al. / Extreme Mechanics Letters 9 (2016) 215–225 219Fig. 3. (a) Engineering stress–strain curves for the Fe80W20 MG at different temperatures. Snapshots showing different deformation mechanisms of the
Fe80W20 MG at these temperatures: (b) failure through a single shear banding at 50 K (0.03Tg ), (c) failure through initially multiple shear bandings
and subsequent dominant shear banding at 300 K (0.2Tg ), (d) largely homogeneous plastic deformation at 900 K (0.6Tg ), and (e) homogeneous plastic
deformation at 1200 K (0.8Tg ). The colour bar denotes the atomic shear strain. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)an enhanced plastic deformation occurring in the sam-
ple, which is manifested as the formation of multiple SBs
as shown in Fig. 2(c). The observation of multiple SBs
at room temperature in our simulations is also in good
agreement with experimental results [58,59]. In contrast
to the inhomogeneous plastic deformation at low and in-
termediate temperatures, the deformation behaviour at el-
evated temperatures changes drastically. As can be seen
in Fig. 2(d, e), at the temperatures of 480 K (∼0.6Tg) and
600 K (∼0.77Tg), the severe deformation localization dis-
appears. Fig. 2(e) illustrates that at the elevated temper-
ature of 600 K (∼0.77Tg), the local atomic strains are al-
most uniformly distributed across the whole sample up
to high applied strains. The observed transition of defor-
mation mode in our MD simulations from localized shear
banding at low temperatures (below 0.6Tg ) to homoge-
neous deformation at elevated temperatures (above 0.6Tg )
is consistent with experimental observations [6,7,9].
To further quantify the degrees of localization, we
adopt the standard deviation of atomic shear strain, εvM ,
as the ‘‘degree of strain localization’’ parameter as the
following [37]: Ψ =

1
N
N
i=1(ε
vM
i − εvMave)2, where εvMave is
the average atomic shear strain, and N is the total number
of atoms in the system. Ψ evaluates the deviation of
strain distribution from the homogeneous behaviour: A
larger Ψ indicates larger fluctuations in the local atomic
strain and a more localized deformation mode. Fig. S5 in
the Supplementary Material (see Appendix A) shows the
evolution of Ψ parameter during uniaxial tensile loading
of Cu64Zr36 MG sample in the temperature range of 50 K
(0.06Tg) up to 600 K (0.77Tg). It can be seen that at the
low temperature of 50 K (0.06Tg), the atomic deformation
is homogeneous in the elastic regime while there is a very
steep increase in Ψ values at applied strain of ε > 8%,which is attributed to the formation of shear band and
severe localization of plastic deformation. By increasing
the temperature to 300 K (0.38Tg), the strain localization
corresponding to the formation of a dominant shear band
delays to a higher applied strain (ε > 9%) with smoother
slope compared to that of 50 K, implying a slower rate of
strain localization at this temperature. In contrast, at the
elevated temperatures of 480 K (0.6Tg) and 600 K (0.77Tg),
the values of Ψ parameter remain small up to very high
stages of applied strain, indicating almost a homogeneous
atomistic plasticity at elevated temperatures.
To further examine the generality of the temperature-
dependent transitions observed in the Cu64Zr36 MG, we
also conducted simulations using the Fe80W20 MG. The
results are shown in Fig. 3, in which the test temperatures
are 50 K (0.03Tg), 300 K (0.2Tg), 900 K (0.6Tg) and
1200 K (0.8Tg), where Tg ∼ 1500 K for this glass. Hence,
the normalized test temperatures (T/Tg) for the Fe80W20
MGare comparable to those for Cu64Zr36 MG,which allows
us to directly compare the deformation modes between
these two MG systems (see Figs. 2 and 3).
As can be seen clearly in Fig. 3, the temperature effect
on the overall mechanical behaviour of the Fe80W20 MG
is identical to that of Cu64Zr36 MG. More specifically, at
the low temperature of 50 K (0.03Tg), there is a sharp
stress drop (after the UTS) as the result of the severely
localized plastic deformation through the formation and
propagation of a single shear band (see Fig. 3(b)). At 300 K
(0.2Tg), the post-yield stress drop becomes smoother, but
the failure mode is still brittle, resulting from the initial
formation of multiple shear bands and the subsequent
formation of a dominant shear band (see Fig. 3(c)).
Similar to the Cu64Zr36 sample, a further increase of
the test temperature to 0.6Tg (900 K) and above (see
220 M. Jafary-Zadeh et al. / Extreme Mechanics Letters 9 (2016) 215–225Fig. 4. Effect of temperature on the sharpness of shear band (SB) boundaries of the Cu64Zr36 MG. (a) 50 K (0.06Tg ) and ε = 0.09, (b) 300 K (0.38Tg ) and
ε = 0.10, and (c) 480 K (0.5Tg ) and ε = 0.23. A comparison of (a), (b) and (c) shows that with increasing the temperature, the SB boundaries change from
a sharp at low temperatures to a more smeared interface at elevated temperatures.Fig. 3(a), (d)) also leads to a progressively uniform plastic
flow in the Fe80W20 MG. Fig. 3(e) clearly demonstrates
that at the temperature of 1200 K (0.8Tg), there is no
sign of inhomogeneous plastic localization; instead, the
sample undergoes a homogeneous deformation similar
to that of the Cu64Zr36 MG at the same normalized
temperature (see Fig. 2(e)). A comparison between the
strength of the Fe80W20 sample (Tg ∼ 1500 K) and that
of the Cu64Zr36 sample (Tg ∼ 780 K) demonstrates that
MGs with higher Tg offer better mechanical properties at
elevated temperatures, and thus may be considered as
high-strength thermal resistance materials for structural
applications in extreme environments. Here, it would be
instructive to recall that in MD simulations, the strength of
a given material is typically higher than its experimental
one. This is mainly attributed to the strain rate of MD
simulations, which is orders of magnitude higher than
that of experiments, due to the temporal limitations of
MD technique. Typically, a higher strain rate in MGs leads
to a higher yield strength of the material [60]. Besides,
the samples in MD simulations are free of inclusions,
microscopic cracks, and surface flaws such as roughness.
Such unavoidable extrinsic flaws in experimental MGs
may lead to stress concentration, which in turn reduces
the material’s strength. However, as discussed in the
Introduction section, MD simulations can still successfully
capture the major aspects of the mechanical behaviour
of MGs in different scenarios. Consequently, to interpret
our simulation results, we focus on the major mechanistic
features and trends in the behaviour of the samples.
As shown in Figs. 2 and 3, with increasing tempera-
ture, the distribution of localized plastic zones becomesincreasingly more uniform and their local shear strain in-
tensity is increasingly reduced and dispersed. Hence, an
increase in temperature is able to postpone or even sup-
press the formation of the dominant shear band. Regard-
ing the formation of the dominant shear band, our simu-
lations show that, in general, there are four major steps:
(1). the nucleation and growth of individual localized shear
zones independently, (2). the linkup and coalescence of lo-
calized shear zones along the principal shear direction to
form shear planes, whichmay be considered as the precur-
sors for shear bands, (3). thickening and expansion of shear
planes, and (4). formation of a single shear band at low
temperatures or formation of multiple shear bands first
and the subsequent formation of the dominant shear band
at intermediate temperatures. These formation steps are
consistent with previous studies [4,11,54].
A salient feature of our results is that the experimen-
tally observed temperature-dependent transitions in the
mechanical response of MGs from localized shear band-
ing at low temperatures to homogeneous deformation at
elevated temperatures [7,8] have been captured using a
unified MD framework. This offers an opportunity to shed
light on the detailed characteristics of this transition at the
atomistic level,whichwould not be readily possible by cur-
rent experimental techniques. As can be seen in Fig. 4, the
temperature-dependent transitions in the mechanical re-
sponse of the Cu64Zr36 sample are strongly correlated with
the change in the sharpness of the shear band boundaries.
Fig. 4(a)–(c) show the deformation behaviour of Cu64Zr36
sample at 50 K (0.06Tg) and ε = 0.09, 300 K (0.38Tg)
and ε = 0.10, and 480 K (0.6Tg) and ε = 0.23, re-
spectively. The shear band regions in the upper frames of
M. Jafary-Zadeh et al. / Extreme Mechanics Letters 9 (2016) 215–225 221Fig. 5. Structural evolution of short range order (SRO) clusters in the Cu64Zr36 MG by applying tensile strain at different temperatures. These results
indicate the key role of full icosahedra (FI) clusters, i.e. Cu⟨0 0 12 0⟩, in the mechanical behaviour of the MG sample in the whole temperature range.Fig. 4 are highlighted at the bottom frames of the figure.
At the low temperature of 50 K, a single shear band occurs
with sharp interfaces (also see Supplementary Fig S2 for
the Fe80W20 MG, Appendix A). With increasing the tem-
perature, the boundaries of the shear bands become in-
creasingly smeared and diffusive (see Fig. 4(b), (c)). This re-
markable change at the boundaries of shear bands implies
a strong temperature effect on the structural evolution of
the material [37].
In order to elucidate the effect of temperature on the
structural evolution of MGs at the atomistic level, we
analyse SRO clusters, i.e. the local atomic packing, using
the Voronoi tessellation method [41,42]. Such analysis is
able to offer valuable information about the nanoscale
structures of MGs, such as the topology of nearest
neighbour shell, the atomic coordination number (CN), and
the corresponding statistical distributions [16,40].
We monitor the evolution of certain SRO clusters in
terms of their fractional variation as a function of applied
strain, ε, at different temperatures. Fig. 5(a)–(d) show
the evolution of the 10 most populous polyhedra in the
Cu64Zr36 MG (which are either Cu- or Zr-centred) at the
temperatures of 50 K (0.06Tg), 300 K (0.38Tg), 480 K
(0.6Tg) and 600 K (0.77Tg), respectively. The common
nomenclature to identify a given Voronoi polyhedron in
MGs is given by A⟨i j k l⟩, where ‘‘A’’ is the central atom
of the polyhedron consisting of i, j, k and l faces with 3,
4, 5 and 6 edges, respectively. In general, four indexes
are sufficient to describe the prominent polyhedra, i.e.
the SRO clusters, in MGs [3,19]. Summation of all these
indexes (total number of faces) gives rise to CN of the
central atom, i.e. CN = i + j + k + l, which is also
the number of its nearest neighbours. For example, in
Fig. 5, the Voronoi index Cu⟨0 0 12 0⟩ indicates a category
of Cu-centred cluster, in which the central Cu atom has
12 nearest neighbours (CN = 12), and all the bondsbetween the central atom and its nearest neighbours are
five-fold bonds (local five-fold symmetry) [61,62]. This
class of clusters is often called full icosahedron (FI). As can
be seen in Fig. 5, FI is the dominant SRO in the Cu64Zr34 MG,
which is in agreement with previous studies on the same
material [19,35,40]. Fig. 5 shows that during deformation
at a given temperature, there is a certain correlation
between the applied strain and the concentration of the
SRO clusters. In particular, considering the concentrations
of Cu⟨0 0 12 0⟩ or Zr⟨0 1 10 5⟩ in Fig. 5(a), it can be seen
that at the low temperature of 50 K, there is a decay in the
fractions of these clusters down to theirminimum at about
ε = 9%. Afterwards, a limited recovery occurs in their
fractions and eventually these curves come to a plateau.
At the temperature of 300 K, the fractions of these clusters
decrease first and then come to plateauwithout noticeable
recovery as shown in Fig. 5(b). In contrast, at the elevated
temperatures of 480 K and 600 K (see Fig. 5(c) and (d)),
the decays are monotonic. Thus, Fig. 5 demonstrates that
temperature can affect the pathways in the evolution of
SROs in MGs. Our simulation results also show that the
Fe80W20 MG follows the identical behaviour, indicating
that these observed features are common among MGs.
Furthermore, Fig. 5 also shows that at all the temperatures,
the FI is the dominant SRO in the structural evolution of
the Cu64Zr36 MG. Moreover, we find the same trend in the
Fe80W20 MG (see Fig. S3 in the Supplementary Materials,
Appendix A); the dominant SRO is Fe⟨0 0 12 0⟩, i.e. Fe-
centred FI. These observations are consistentwith previous
studies [19,63] that FI is the most prominent SRO in MGs
with different chemistries and compositions.
Fig. 5 shows that in all the populous SROs presented
here, the k index showing pentagonal faces has the highest
value among all indexes. Obviously, the FI cluster has the
highest number of pentagonal faces among all the SRO
clusters. Hence, to further characterize the temperature-
222 M. Jafary-Zadeh et al. / Extreme Mechanics Letters 9 (2016) 215–225Fig. 6. Evolution of full icosahedra (FI) clusters in the Cu64Zr36 MG as a
function of applied strain at different temperatures.
dependent transitions in the deformation mechanism of
MGs, we focus on the evolution of FI clusters as a function
of applied strain at different temperatures. Fig. 6 shows
the variation of the FI concentration as a function of
applied strain (i.e. the FI evolution curves) at different
temperatures.
From Fig. 6, it can be seen that at the very low
temperature of 50 K (0.06Tg), the concentration of FI
reaches a minimum at about ε = 9% and after a marked
recovery, it comes to a plateau at the applied strain of
about ε = 10%, which corresponds to the propagation of
the dominant SB across the width of the sample (see
Fig. 2(a)). At the temperature of 300 K (0.38Tg), the
decay of the FI evolution occurs till ε = 10% and then
it comes to a plateau at ε ∼ 11%, which corresponds
to the appearance of the dominant shear band in the
sample (see Fig. 2(c)). At the elevated temperatures of
480 K (0.6Tg) and 600 K (0.77Tg), the concentration of
FI clusters monotonically decreases up to high values of
applied strain. The above analyses demonstrate that the
evolution of FI clusters is closely correlated with different
deformation mechanisms. By comparing the two curves
at 50 K and 300 K, we find that in the regime of single
SB, there is a clear recovery in the concentration of the FI,
however, this recovery is absent in the regime of multiple
SBs. By comparing the curves at four temperatures, we
find that the reach of the plateau in the FI evolution
signifies the formation of the dominant SB in the sample.
Indeed, such variation in the evolution of FI clusters with
applied strain at different temperatures is correlated with
different deformation mechanisms; primarily elastic at
lower temperatures and increasingly plastic (irreversible)
deformation at elevated temperatures, as discussed in
detail in Section A (Different deformation mechanisms
vs. the evolution of SRO) in the Supplementary Materials
(see Appendix A). Hence, our simulations reveal that
the pathway of decay–recovery–plateau indicates the
formation of single SB, that of decay–plateau indicates
the formation of multiple SBs initially and subsequent
formation of the dominant SB, and that of monotonic
decay indicates a homogeneous deformation. It is noted
that a decrease in the concentration of FI clusters (and
also other populous SROs) are equivalent to the increases
in ‘‘fragmented’’ polyhedra, which are composed of thoselow-populated clusters with an unfavourable CN and
a lower local symmetry. Our simulation results show
that Fe-centred FI clusters in the Fe80W20 MG also
exhibit a similar trend during deformation at different
temperatures compared with Cu64Zr36 MG (see Fig. S3(d)
in the Supplementary Materials, Appendix A), indicating
that such correlation is, in fact, a general behaviour at
least, in this family of MGs. It is noteworthy that the
average degree of local five-fold symmetry has been
suggested as a universal structural indicator to explain
the underlying dynamics of metallic glasses [64]. Among
the structural motifs, FI has the highest degree of five-
fold symmetry, and numerous experimental and computer
simulations support that FI clusters play a unique role in
the dynamics and mechanical properties of a wide range
of pure metallic liquids, as well as multicomponent MGs
especially composed of transition metals [62,64–70]. On
the other hand, while FI may not be the dominant motif in
some glasses such as those containing metalloids, similar
to the current work, still other structural motifs with a
high degree of five-fold symmetry (e.g. the Voronoi index
of ⟨0, 2, 8, 0⟩ in Ni–P alloys [47]) could be selected as their
structural indicator.
Our above structural analyses reveal the differences
in the FI decay (or the destruction of FI clusters) during
deformation at different temperatures. To shed light
on the deformation mechanisms at the atomistic level,
we monitor the evolution of spatial distribution of the
destructed FI clusters at different temperatures. To this
end, we adopt the Egami’s theory of local topological
instability [71,72] as a criterion for the destruction of
the FI clusters. According to this theory, there is a
critical shear strain, γc , beyond which the local atomic
structure becomes unstable and would like to change its
topology [72,73]. If the central atom A (with the radius of
RA) in a cluster is embedded in the shell of atoms B (with
the radius of RB), γc is given by [73]:
γc =

15
2
1xc
x
, (1)
where 1xc = (x+1−
√
x(x+2))2√x(x+2)
4π(2−√3) , and x is the radius
ratio, i.e. x = RA/RB. For the Cu-centred FI (Cu⟨0 0 12 0⟩),
the effective radius ratio is x ∼ 0.9 [74]. Hence, Eq. (1)
gives the value of γc-FI ∼ 0.12. Therefore, if the local
atomic shear strain reaches this threshold, the FI clusters
will distort and undergo bond breaking, that is, a plastic
deformation. Fig. 7(a), (b) present the snapshots of the
Cu64Zr36 MG at 50 K (0.06Tg) and 600 K (0.77Tg),
respectively, at different stages of deformation. In these
snapshots, only those central atoms in FI clusters whose
shear strain have exceeded the threshold, 0.12, are
presented. Our structural analysis confirms that those FI
clusters have indeed been destroyed, and as a result, they
have been converted to other unfavourable (fragmented)
clusters. At the low temperature of 50 K and the applied
strain of ε = 7% (see Fig. 7(a)), the density of the localized
plastic zones in which the FI clusters are destroyed is very
low, and they are mostly isolated from each other. Since
the FI is the most stable SRO cluster against shearing [75],
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temperatures of (a) 50 K (0.06Tg ) and (b) 600 K (0.77Tg ). (c) Evolution
of FI clusters as a function of applied strain during deformation at 50 K.
The curves show the evolution of FI clusters from the initial state (zero
strain) at Point 1 in (a), i.e. inside the SB, and Point 2 in (a), i.e. outside the
SB, as well as the overall variation within the whole sample (‘‘All Sample’’
curve).
their destructions may cause the local softening, leading
to the formation of new plastic zones or growth of the
existing ones. As can be seen in Fig. 7(a), these plastic
zones occasionally percolate along planes parallel to the
principal shear direction, forming shear planes, which can
be considered as the precursors for the formation of SBs.
Further development of these shear planes through their
propagating along the shear plane direction and thickening
along the lateral direction leads to the formation of shear
bands, causing catastrophic failures.
Fig. 7(b) also shows that the distribution of destroyed
FI clusters at the elevated temperature of 600 K (0.77Tg)
is much more dispersed than that at 50 K (0.06Tg) at
the same applied strain. This is due to the thermallyactivated nature of bond-breaking and destruction of
atomic clusters. Consequently, the plastic zones, which
are distributed more uniformly at elevated temperatures,
readily interact and interlink, forming a widely spread
network of shear planes (see Fig. 7(b) at ε = 8% and
ε = 9%). Clearly, it is this network of shear planes which
uniformly decorates the whole sample that leads to a
homogeneous plastic flow (also see Supplementary Fig. S4
for the Fe80W20 MG, Appendix A).
To explain what causes the recovery of the FI clusters,
we select two small cubic boxes with the dimensions
of 5 × 5 × 5 nm3 located inside and outside of the
SB (see Point 1 and Point 2 in Fig. 7(a), respectively),
and trace the variation of FI concentration within these
boxes as a function of applied strain at 50 K (0.06Tg).
The resulted FI evolution curves for these two regions
are shown in Fig. 7(c). For comparison, the same curve
obtained for the whole sample is also presented. Fig. 7(c)
shows that the concentration of FI inside the SB region
drops abruptly from ∼20% (at the initial state) to ∼12%
upon the formation of the SB at ε ∼ 9%. After the
SB formation is completed, the concentration remains
unchanged. We note that such a low concentration of FI
inside the SB is similar to that in the super-cooled liquid
of this alloy above its Tg ∼ 800 K, which is in agreement
with previous studies [75,76]. However, outside the SB
region, the concentration of FI exhibits a minimum at
ε ∼ 9%, after which, interestingly, a marked recovery is
observed. Remarkably, this recovery is corresponding to
the formation of the dominant SB. This implies that, at
low temperatures, once the dominant SB forms, thematrix
outside the SB region unloads. Consequently, the distorted
SRO (e.g. FI) clusters in the isolated shear zones, which are
embedded in the elastic matrix, are pushed back partially
to their original topologies. This leads to the recovery in
the concentration of the FI clusters in the whole sample as
discussed in Fig. 6. Since the distribution of destroyed FI
clusters at 50 K (0.06Tg ) is much more concentrated than
that of 480 K (0.6Tg ) at a given applied strain (e.g., ε = 9%),
to accommodate the same amount of applied strain, the
deformation intensity of the plastic zones at 50 K should
be much higher than that at elevated temperatures. This
implies that at 50 K, the deformation contrast between
the plastic zone and its surrounding matrix (e.g. at the SB
boundaries) is much sharper, which is in agreement with
our observation that sharper SB boundaries occur at lower
temperatures (See Fig. 4).
Due to some of their superior mechanical and chemi-
cal properties,MGs are promising functional and structural
materials for developing MEMS/NEMS [12,14]. However,
how to prevent their catastrophic failure while still main-
taining their superior properties is still an active research
topic. In addition, a precisely controlled fabrication of MG
nanostructures is still a daunting task. A promising fabrica-
tion approach is to use their very good formability at ele-
vated temperatures [14]. However, how to achieve desired
mechanical behaviour after the forming procedure via con-
trolled cooling remains a challenging issue. The new in-
sights revealed here into the temperature effects on the
deformation mechanisms of MGs might be useful for con-
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cation techniques for MG materials. Here, it is interesting
to note that a direct observation of local structural or-
der (SROs) in MGs has been recently realized experimen-
tally [77]. Hence, research like the current work would
be insightful and inspiring for experimentalists to fur-
ther develop imaging techniques and evaluate theoretical
predictions.
4. Summary
We performed MD simulations to investigate the ef-
fect of temperature on the deformation mechanisms and
failure modes of two typical MGs. By carefully construct-
ing the atomistic models, we reproduced the experimen-
tal observations of failure modes for a wide range of tem-
perature, that is, a failure through a single shear banding
at low temperatures, a semi-brittle failure through mul-
tiple shear bandings initially and subsequent dominant
shear banding at intermediate temperatures, and a homo-
geneous plastic flow at elevated temperatures. Our struc-
tural analyses clearly demonstrated the strong correlation
between the evolution of SRO clusters, especially the FI
clusters, and the deformation modes. More specifically, at
low temperatures under which the failure is through the
single shear-banding, the FI concentration first deceases to
a minimum (after the UTS point), then recovers markedly,
and finally comes to a plateau. At intermediate temper-
atures the failure is through the multiple shear bandings
first and then subsequent dominant shear banding, the FI
concentration first decreases and then reaches a plateau,
without a noticeable recovery in this regime. In contrast, at
elevated temperatures the deformation is through ho-
mogeneous plastic flow, the FI concentration decreases
monotonically. We further showed that at elevated tem-
peratures, the FI clusters are destroyed more readily by
forming a fine network of shear planes, which are uni-
formly distributedwithin theMG samples. Since our simu-
lations show the same trend for both Cu–Zr and Fe–WMG
systems, it is expected that our findingsmay be generic and
applicable to many other MG systems.
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